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Conjugated polymers have been extensively studied over the past decades for their potential use 
in modern optoelectronic devices such as organic solar cells and light-emitting diodes. However, 
due to their multichromophoric nature, the relationship between conformation and photophysical 
properties of conjugated polymers is still largely obscure, especially on the molecular and 
mesoscopic length scales, where deeper understanding is needed to improve device efficiency. In 
this dissertation, using poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) 
and wide-field single-molecule fluorescence microscopy, we investigate the relationship between 
conformation and photophysics both on the single-molecule and aggregate levels, towards 
developing control over these properties. In Chapter 2, we explore how complex photophysical 
behaviors of conjugated polymer single molecules can complicate the interpretation of 
experimental results of a commonly used technique, fluorescence polarization modulation depth 
(M) measurements, which indirectly reports on molecular conformation. Through fluorescence 
imaging and simulations, we show that the sublinear relationship between excitation intensity and 
conjugated polymer photoluminescence decreases measured M values, especially in molecules 
with highly ordered conformations. These findings show that analysis of M measurements should 
be done with caution. In Chapter 3, first we examine the effect of solvent vapor annealing on MEH-
PPV single-molecule conformation. We show that molecular conformation initially set by the 
dissolving solvent is preserved after solvent vapor annealing, even though molecular mobility is 
 
 
observed during the process. Then, solvent vapor annealing is applied to high-concentration MEH-
PPV samples to produce aggregates consisting of a few to hundreds of single molecules. We show 
that single-molecule conformation acts as a template for the aggregates. In addition, although the 
aggregates prepared in this work are largely isotropic, photoluminescence spectra indicate that 
exciton diffusion in these aggregates is enhanced over short length scales. In general, this work 
suggests techniques and approaches to enhance understanding of various photophysical 
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Chapter 1. Introduction 
1.1 Conjugated Polymers: Overview 
1.1.1 Basics of Conjugated Polymers 
Conjugated polymers have alternating single- and double-bonds that form a backbone 
along the molecule (Figure 1a). The carbon atoms in a conjugated polymer have hybridized sp2 
orbitals and pz orbitals, and overlap of the pz orbitals causes conjugated polymers to form an 
extended -system along the backbone, where electrons are delocalized.1,2 In the ground state, 
electrons occupy the orbitals of lowest energy. Figure 1b depicts the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The energy gap between the 
HOMO and LUMO is what makes conjugated polymers attractive to researchers. Many conjugated 
polymers have a HOMO–LUMO energy gap in the range of 1.5–3.5 eV; therefore, they are able 
to absorb and emit light in the visible range of the spectrum.1,3 
 
Figure 1. (a) Schematic depicting a conjugated molecular backbone. Overlapping pz orbitals are shown in 
blue. (b) HOMO and LUMO showing two electrons in the HOMO with paired spins. (This figure is 
reproduced from reference 1 with permission from the publisher.) 
Due to their unique capability for absorbing and emitting visible light, conjugated polymers 
have been molecules of interest for use in optoelectronic devices such as organic solar cells,4–7 
light-emitting diodes,8–10 and field-effect transistors.11,12 In organic solar cells, conjugated 
polymers are used in the active layer, typically in the form of bulk heterojunction, acting as 
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electron-donors and often mixed with fullerene derivatives, which act as electron-acceptors.4,13,14 
In contrast, in organic light-emitting diodes, conjugated polymers are used as the source of 
fluorescence in the form of an emitting layer.8,10 The versatility of conjugated polymers partly 
originates from the side-chains attached to the backbone, as these can improve the solubility in 
organic solvent, as well as affect polymer packing and energy levels, resulting in different 
photophysical properties.15–21 Moreover, the solution processibility of conjugated polymers 
translates to low production cost and physical flexibility, enabling efficient mass production and 
integration into devices.3 
There are a number of conjugated polymers that have been studied extensively, with 
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and poly(3-
hexylthiophene) (P3HT) as two such examples (Figure 2). Both polymers emit fluorescence of 
yellowish red color, though the color varies depending on the molecular weight and the sample 
preparation conditions. Both MEH-PPV and P3HT are derivatives of the broader class of poly(p-
phenylene vinylenes) (PPV) and polythiophenes with side-chains added to increase solubility 
without significantly altering other properties.  
 
Figure 2. The chemical structures of (a) MEH-PPV and (b) P3HT. 
When conjugated polymers absorb photons, instead of generating free charge carriers (i.e. 
electrons and holes), it generates excitons, which are (electronically neutral) Coulombically bound 




singlet; but the excitation can undergo intersystem crossing, transforming to a triplet exciton.1 For 
excitons to be useful in devices, both their lifetime and diffusivity are important. For solar cells, 
the exciton generated by the absorption of a photon must travel to the interface between the 
electron-donor and electron-acceptor layers so that the exciton can dissociate into charge carriers 
to generate electricity. As such, long-length scale diffusion without quenching is important for 
excitons in this scenario.1 For light-emitting diodes, an electron and a hole must recombine to 
generate excitons in the emitting layer consisting of the conjugated polymer, with those excitons 
then radiatively decaying and emitting fluorescence.25 Here, short-range migration of the exciton 
is preferred, so as to avoid potential non-radiative decay of excitons.3 
Because conjugated polymer chains are relatively flexible and contain physical and 
potentially chemical defects, such as torsional, tetrahedral, or cis defects, conjugation does not 
extend across the entire chain and the “conjugation length” is significantly shorter than the chain 
length.26–33 The individual regions over which delocalization occurs are considered 
“chromophores,” as they act as the base units for absorption and emission. The length of a 
chromophore is considered to be 5–20 repeat units in MEH-PPV and 6–8  in P3HT, which have 
been determined by computational studies and spectral data comparison with oligomers.17,34–38 As 
such, both MEH-PPV and P3HT — as well as other conjugated polymers — are 
multichromophoric. The presence of multiple chromophores on single chains complicates the 
photophysical properties of conjugated polymers; especially in a device context, where conjugated 
polymer chains exist in high concentration, detailed information on how chromophores interact 
with each other is obscured.  
One of the factors determining the length of a chromophore is the quality of the solvent 
that the conjugated polymer is dissolved in, which determines the morphology of conjugated 
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polymer. The Flory–Huggins theory compares the interaction between the polymer and the solvent 
with those between the polymer and solvent molecules themselves.39 The difference between the 
enthalpies is represented via the polymer–solvent interaction parameter . Solvents are referred as 
either good or poor (bad), indicating polymer-specific solubility depending on the value of ; the 
smaller the , the better the solvent.39 When a polymer is dissolved in a good solvent, since the 
polymer chain prefers to interact with the solvent rather than itself, the chain tends to have a more 
open conformation. On the other hand, when a polymer is dissolved in a poor solvent, the polymer 
prefers to interact with itself rather than with the solvent surrounding it, and the chain may collapse 
into a tightly coiled conformation. In dynamic light scattering measurements of MEH-PPV in 
solutions, the difference in polymer hydrodynamic radii can be seen as a function of solvent 
(Figure 3). Here, chlorobenzene (CB) is a good solvent and tetrahydrofuran (THF) is a poor 
solvent; the polymer’s hydrodynamic radius is smaller when it is dissolved in a poor solvent. From 
here forward, this introduction will continue to draw examples from the literature on MEH-PPV, 
as that is the conjugated polymer under study in the later chapters of this dissertation. 
 
Figure 3. Hydrodynamic radii measured with dynamic light scattering for solutions of MEH-PPV (Mw = 
535 kDa). (This figure is reproduced from reference 32 with permission from the publisher.) 
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The morphology as determined by sample preparation conditions, including the dissolving 
solvent, and the resulting distribution of chromophores, are reflected in the absorption and 
emission spectra (Figure 4). The absorption spectrum is broad and featureless, indicative of a broad 
spread of conjugation lengths present in the sample.32,40 In contrast, finer features are observed in 
the emission spectrum, which is red-shifted compared to the absorption spectrum. Researchers 
have concluded that the vibronic features, as well as the Stokes shift, reflect energy transfer to low-
energy sites present on the conjugated polymer chains where the conjugation length is relatively 
long, inferred from the “particle-in-a-box” model.32,40,41  
 
Figure 4. Absorption and photoluminescence (PL) spectra of MEH-PPV in toluene. (This figure is 
reproduced from reference 42 with permission from the publisher.) 
1.1.2 Energy Transfer between Chromophores 
Researchers have determined via a variety of approaches such as site-selective fluorescence 
spectroscopy that the multichromophoric nature of conjugated polymers leads to facile “downhill” 
energy transfer, such that the generated excitons migrate towards a small number of chromophores 
with longer conjugation length and lower energy.43,44 The findings were later confirmed by single-
molecule studies, which will be discussed later in the Introduction.  
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Two types of incoherent energy transfer were suggested for conjugated polymers: Förster 
and Dexter.1,24,45,46 Förster energy transfer, which is often described as “through-space” energy 
transfer, is the dominant energy transfer type in interchain interactions (Figure 5a).24 The factors 
influencing this type of energy transfer are overlap between donor emission and acceptor 
absorption spectra, donor–acceptor distance, and their mutual orientation.47 The energy transfer 
rate is sensitive to the donor–acceptor distance (r), as it depends on 1/r6, and the transfer is typically 
observed over length scales of r ~ 1–5 nm for a single-step process.1 Dexter energy transfer, in 
contract, is described as “through-bond” energy transfer, where an actual exchange of electrons 
take place (Figure 5b).1 The energy transfer in this case can only occur at short distances (~ 1 nm), 
where there is a significant orbital overlap.46 While both singlet and triplet excitons can be 
transferred via Dexter energy transfer, Förster energy transfer has higher efficiency in singlets.1 
 
Figure 5. Schematics depicting (a) Förster energy transfer and (b) Dexter energy transfer. The horizontal 
lines represent HOMO and LUMO energy levels of donor (D) and acceptor (A) molecules; the asterisk 
denotes excited state. The dashed arrows represent simultaneous rearrangement of the electronic 
configuration. (This figure is reproduced from reference 1 with permission from the publisher.) 
In addition to the types of incoherent energy transfer described above, coherent energy 
transfer was recently observed in a conjugated polymer using an ultrafast experimental technique. 
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When electronic and vibrational couplings are comparable, as may be the case in conjugated 
polymer systems, the system is in the intermediate coupling regime: in this regime, fast intrachain 
energy transfer via coherent processes can occur, providing a supplementary pathway for energy 
transfer in addition to the incoherent hopping transfer between chain segments. 
1.1.3 Quenching Processes in Conjugated Polymers 
Exciton quenching processes and relaxation mechanisms in MEH-PPV have not been fully 
elucidated. However, this is an active area of study given that such processes greatly influence 
device function. One of the major sources of quenching is photooxidation by molecular oxygen.48–
52 When a vinyl group is present in a conjugated polymer such as PPV and its derivatives, 
molecular oxygen can break the vinyl bond, creating keto-defects.24,49 In addition, molecular 
oxygen – whose electronic ground state is a T0 state – can react with triplet exciton to create singlet 
oxygen, which can then attack the -bond in the conjugated polymer as it is chemically very 
reactive. In addition to molecular oxygen, radical cations and anions have been suggested as 
efficient quenchers of the fluorescence.53 
Other processes that permanently quench fluorescence emerge from excitons interacting 
with themselves or charge carriers, as excitons are mobile.24 There are several varieties of these 
exciton annihilation processes depending on the type of excitons involved: singlet–singlet, singlet–
triplet, and triplet–triplet.24,47,54–56 Though the details of the processes are distinct, they are all 
undesirable, especially for organic light-emitting diodes as such annihilation processes lead to 
lesser degree of fluorescence emission than theoretically possible. 
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1.2 Single-Molecule Fluorescence Microscopy 
1.2.1 Basics of Single-Molecule Fluorescence Microscopy 
The need for single-molecule studies of conjugated polymers became clear as ensemble 
measurements proved difficult to interpret due to the multichromophoric nature of the molecules 
and various factors including chain-to-chain interactions, local aggregation, and morphological 
heterogeneity in the conjugated polymer layer.57,58 By performing experiments on a single-
molecule level, researchers were able to observe a distribution of molecules, not an ensemble 
average from condensed phase samples. It is worth noting, however, that interpretation of single-
molecule experimental results are not always straightforward, as even in a single chain, multiple 
chromophores exist, often more than a hundred in number. 
There are two popular methods for single-molecule fluorescence microscopy: confocal and 
wide-field.57 In this dissertation, we focus on wide-field microscopy, as that is the chosen method 
of our lab. Detailed optical setups used in our work will be provided in each of the following 
chapters. Regardless of particular optical approach, for single-molecule studies, conjugated 
polymer chains of interest are typically isolated and immobilized. Many single-molecule 
measurements on conjugated polymers, including the ones described in this dissertation, achieve 
this by immobilizing the conjugated polymers of interest in an inert host polymer matrix that lacks 
fluorescence signal in the spectral region where the conjugated polymer would emit.41,57,59 Some 
of the most commonly used host polymers in conjugated polymer single-molecule experiments are 
polystyrene (PS), poly(methyl methacrylate) (PMMA), polyvinyl alcohol (PVA), and Zeonex.57,60 
Typically, a dilute solution of the conjugated polymer is mixed with a host polymer solution, and 
the mixture is spin-coated onto a substrate of choice. Other methods such as drop-casting can be 
used, but spin-coating provides finer control over the film thickness than other approaches, making 
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this the preferred method. Finally, the prepared film sample containing well-separated conjugated 
polymers is observed using single-molecule fluorescence imaging and/or spectroscopy. 
Optical imaging is generally subject to the diffraction limit: owing to the wave-like nature 
of light, emission from a point-source (in this case, a single chromophore) diffracts into a pattern 
known as a point spread function.61 When the emitted light is collected by an objective lens and 
focused onto the imaging plane on a CCD camera (a detector for our purposes), the imaged feature 
shows concentric circles called Airy disks.62 According to Abbe's law, diffraction limit is 
expressed as  
 
Here, NA is the numerical aperture of the objective and  is the wavelength of the light. This is 
also the smallest distance between two emitting sites for them to be distinguishable. This limits 
the microscope’s resolution to about 250 nm, while the size of a conjugated polymer chain is much 
smaller.63 Thus, multiple emitters on a conjugated polymer chain that is multichromophoric cannot 
be resolved even with single molecule approaches. 
Despite these limitations, single-molecule fluorescence microscopy and spectroscopy have 
revealed information previously obscured by ensemble measurements. One important discovery 
was the connection between single-molecule conformation and photophysical properties. Even 
though general relationships between such polymers’ morphology and photophysical properties 
had been studied previously, single molecule studies were able to tease out details of this 
relationship. 
In the following sections, a number of single-molecule experimental techniques, their 
application on MEH-PPV, and results from such studies will be introduced. Aside from the first 





 Eq 1 
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single-molecule conformation, these techniques provide similar information. In particular, they 
show that “downhill” energy transfer occurs on a single-molecule level; in such a “funneling” 
process, the exciton migrates towards a few low energy sites that exist on a chain, regions where 
the conjugation length is longer or - stacking is present. Hence energy migration depends on 
chain conformation, which then dictates the photophysics we observe. 
1.2.2 Fluorescence (Excitation) Polarization Modulation Depth Measurements 
As described above, optical imaging of conjugated polymer chains, regardless of their 
molecular weight within a typical experimental range, will be constrained by the diffraction limit. 
As such, it will be impossible to trace out conjugated polymer conformation directly via optical 
imaging. As a result, researchers have developed indirect methods to detect single-molecule 
conjugated polymer conformation. One such method is fluorescence modulation depth (M) 
measurements, which are technically simple to perform and theoretically simple to interpret.26 As 
such, this has been one of the most popular methods of assessing polymer chain conformation.41  
This method uses the fact that difference in chain conformation leads to difference in 
absorption anisotropy. In a single chain, the sum of the transition dipole moments can be 
represented as an absorption ellipsoid, as shown in Figure 6a, with the assumption that the 
transition dipoles of a polymer chain are aligned with the polymer backbone. When linearly 
polarized excitation light is used, the fluorescence intensity of the single-molecule conjugated 
polymer then depends on the alignment between the projection of this ellipsoid on the x-y sample 
plane and the linear polarization of the excitation light. Therefore, by placing a motorized rotating 
linear polarizer in the excitation pathway, the fluorescence intensity from the conjugated polymer 
becomes a function of the polarization angle , as can be seen in Figure 6b. By fitting the intensity 
trajectory to 𝐼(𝜙) = 𝐼0[1 + 𝑀𝑐𝑜𝑠{2(𝜙 − 𝜙0)}], the fluorescence modulation depth, M, can be 
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extracted for each molecule. Here, 0 is a reference polarization angle at the intensity maximum 
and I0 is a reference fluorescence intensity at the intensity maximum. Theoretically, the M value 
varies from 0 to 1; if the transition dipoles are completely aligned, M will be 1, and if the transition 
dipoles are completely isotropic, M will be 0. While this technique is very useful, it must be noted 
that the projection of the sum of the transition dipole moments for each conjugated polymer chain, 
and thus the M value, is not unique for each conformation. Therefore, the distribution of M values 
in a sample as a histogram is often compared with results from Monte Carlo simulations of 
polymers approximated as bead-spring models.26 
 
Figure 6. Principle of determining single conjugated polymer chain conformation by measuring absorption 
anisotropy. (a) Schematic relationship between chain conformation and absorption ellipsoid; (b) projection 
of the ellipsoid on the sample plane by epi-illumination (left) and a typical fluorescence image of single 
MEH-PPV chains (right). Inset: Excitation polarization angle modulated fluorescence intensity of the chain 




Even though single-molecule measurements are not performed in the solution phase, 
nevertheless, the experimental results show that the effect of the solvent is carried over to the film, 
impacting chain conformation. When MEH-PPV single-molecule M measurements results are 
compared to the bead-on-a-chain Mote Carlo simulation results, depending on the solvent used in 
sample preparation, two categories of single-chain conformations emerge: ordered-collapsed and 
random coil. Figure 7 shows M measurement results from samples where MEH-PPV single-
molecules embedded in PMMA host polymer matrix were prepared using two different solvents, 
toluene and chloroform, which are considered poor and good solvents for MEH-PPV, respectively. 
The sample spin-coated from a toluene solution shows an M distribution where the majority of 
values are close to 1, whereas the sample spin-coated from a chloroform solution shows a 
distribution shifted toward 0. 
 
Figure 7. The modulation depth, M, histograms from single MEH-PPV molecules (Mn = 830 kDa) 
embedded in a PMMA host matrix, spin-coated from (a) toluene and (b) chloroform solution. The 
histograms consist of 152 and 230 MEH-PPV molecules for (a) and (b), respectively. The insets illustrate 
a conformation of the molecule consistent with the histograms. (This figure is reproduced from reference 
64 with permission from the publisher.) 
1.2.3 Fluorescence Intensity Transients 
Additional information can be gained through monitoring fluorescence intensity of single 
conjugated polymer molecules over time. It is well accepted that excitons on conjugated polymers 
migrate to one or more chromophores with relatively low energy before emitting fluorescence. 
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With the development of optical techniques, exciton migration could be confirmed on a single-
molecule level and (to a certain extent) visualized using optical methods. In particular, 
fluorescence intensity from single-chains as a function of time can be collected. If the system under 
observation is a single-chromophoric molecule that does not interact with another, the fluorescence 
intensity transient (or trajectory) would show only two levels: on and off. For conjugated polymers 
that are multichromophoric, however, the fluorescence intensity transients do not show simple 
two-level behavior. Rather, multiple levels of fluorescence intensity can be seen in these transients 
due to multiple emitters that are present on a single chain. 
When MEH-PPV single-molecule samples were prepared in the two different solvents also 
depicted in the modulation depth experiments shown in Figure 7 and then spin-coated into the host 
polymer matrix to produce a film, MEH-PPV single-molecules showed distinct photobleaching 
patterns in their fluorescence intensity transients. In Figure 8, two representative fluorescence 
intensity transients are shown. When the sample is prepared in toluene, stepwise transients are 
typically found (Figure 8a), while when the sample is prepared in chloroform, exponential-like 
smooth decays are found (Figure 8b). These different patterns are indicative of two different 
exciton migration behaviors that are linked to two different single-chain conformations. In the 
ordered-collapsed conformation, which is more common among MEH-PPV single-molecules 
prepared in toluene, the interchain interactions are more frequent as a result of a higher number of 
chain-to-chain contacts. Therefore, the migration of photogenerated excitons to the low energy 
sites is well-facilitated and emission only occurs from the few chromophores with low energy. On 
the other hand, in a random coil conformation, which is more common in MEH-PPV single-
molecules prepared in chloroform, intrachain exciton migration dominates as the number of chain-
to-chain contacts is low compared to the ordered-collapsed conformation. Apparently, it is difficult 
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for excitons to migrate to low energy sites in this scenario and the emission occurs more randomly 
along the polymer chain from many different chromophores. 
 
Figure 8. Representative fluorescence intensity transients for MEH-PPV (Mw = 1,000 kDa) single molecules 
embedded in polyvinyl butyral (PVB) host polymer matrix prepared in (a) toluene and (b) chloroform. (This 
figure is reproduced from reference 65.) 
1.2.4 Single-Molecule Spectroscopy 
In addition to single-molecule fluorescence microscopy, single-molecule spectroscopy has 
added information that could not be obtained from ensemble measurements. Spectra of single 
molecules showed the heterogeneous nature of polymer chains, even within the same sample. For 
conjugated polymer single-molecules, including MEH-PPV, especially in low-temperature 
spectral measurements, a bimodal distribution of the maximum fluorescence emission peaks is 
observed.41,66,67 From this, spectra could be sorted into two categories, namely “red” and “blue.” 
When the exciton migration to the single lowest energy site is well-facilitated, the emission of 
fluorescence occurs only from that single chromophore and a narrow, relatively red fluorescence 
spectrum is observed. On the other hand, if the emission is emerging from multiple chromophores 
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— meaning that the radiative decay is occurring not just from the lowest energy site but from other 
chromophores as well — the fluorescence spectrum may have relatively higher energy peaks. 
1.2.5 Fluorescence (Emission) Polarization Modulation Depth Measurements 
 In addition to the polarization modulation depth measurements introduced above, 
simultaneous measurement of the excitation and emission polarization anisotropy can be 
performed to interrogate the energy transfer between chromophores by employing an additional 
linear polarizer before a detector.21,68,69 When the polarization modulation depth of both excitation 
and emission were measured for MEH-PPV, increased M values for emission could be observed. 
The researchers concluded that this was due to energy transfer to the small number of regions of 
longer conjugation, which are the lower energy sites.68,69 Barbara and co-workers were able to 
replicate these experimental results using simulations, confirming that including a small 
percentage of “red” sites, representing lower energy sites, in the simulation reproduced the bimodal 
nature of single-molecule MEH-PPV emission spectra measured experimentally.68 
1.2.6 Photon Antibunching Measurement 
 Photon antibunching measurements are another type of single molecule approach that have 
been used to study conjugated polymers. Such measurements utilize the particle nature of light and 
the fact that a single emitter can only emit one photon at a time to determine whether an 
interrogated entity is a single emitter.40 Light from the emitter passes through a beam splitter and 
temporal correlation between two detector signals is measured. If the coincidence rate is zero at 
zero delay, single photon emission is confirmed. Experiments on single molecules of MEH-PPV, 
initially dissolved in THF, revealed that highly folded MEH-PPV chains indeed fluoresce from a 
single emitting site, showing highly efficient interchain energy transfer.70 
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1.2.7 Super-Resolution Microscopy Techniques 
 While super-resolution techniques will not be discussed beyond this Introduction, it is 
worth mentioning recent technological developments in optical imaging that have enabled 
researchers to dissect conjugated polymer single-molecule photophysical behavior further. As 
discussed above, even though single-molecule techniques have provided us with tools to explore 
the heterogeneous nature of conjugated polymers, the presence of multiple chromophores on a 
single chain results in single molecule measurements that average over multiple emitting sites. 
With the development of super-resolution microscopy techniques, it became possible for 
researchers to look beyond the diffraction limit, and super-resolution techniques initially 
developed for biological systems were employed in conjugated polymer studies as well.71 
 One of the more commonly used super-resolution techniques in conjugated polymer studies 
involves combining localization microscopy with fluorescence intensity transients.72 By 
photobleaching a single-molecule over time, emitters in a chain will be quenched one-by-one. 
Therefore, by localizing the emission with 2D Gaussian fitting to track the centroid position as 
emitters are being quenched, it becomes possible to map out the emitting sites in a single 
conjugated polymer chain, which were previously overlapping in a diffraction-limited spot.59,72–74  
 More recently, single-molecule high-resolution imaging with photobleaching (SHRImP) 
has been used on MEH-PPV by our group.75 The localization method described above, though 
straightforward, has a limitation since the centroid position reports the average position of emitters. 
SHRImP employs image subtraction to localize each emitter. This work confirmed the inferred 
conformations of MEH-PPV molecules from earlier studies. 
17 
 
1.3 The Need to Go Beyond Single Molecules: Aggregates 
While studying conjugated polymers on a single-molecule level revealed critical 
information on the relationship between polymer chain conformation and photophysical 
properties, single-molecule studies alone cannot provide a full picture of the photophysical 
behavior of these molecules, especially as they pertain to the device environment where 
intermolecular interactions are plentiful. To recapitulate aspects of the device environment while 
continuing to leverage advantages of single-molecule approaches that have been developed and 
fruitfully used to characterize conjugated polymers, researchers have performed experiments on 
aggregates consisting of a few to hundreds of conjugated polymer chains.76,77,86,87,78–85 
Solvent vapor annealing (SVA) is a well-known technique for enhancing order in block 
copolymers and has recently been adapted for preparing conjugated polymer aggregates. In block 
copolymer studies, a film is typically exposed to solvent vapor, often in a crudely controlled 
manner. The solvent vapor enhances local mobility in the microphase-segregated film, which in 
turn enhances local segregation and order.88–91 This method is now appreciated as a faster and less 
destructive alternative to thermal annealing, which entails applying heat to the film for a long 
periods of time and thus is accompanied by the possibility of unintentional sample degradation.88,90 
To create conjugated polymer aggregates using SVA, first, a film consisting of conjugated 
polymers dispersed in an inert host polymer matrix is prepared. Then, the film sample is exposed 
to solvent vapor; often, a mixture of two solvent vapors, chosen depending on the conjugated 
polymer of interest and the host, is used to encourage the aggregation process.76,83,85 For MEH-
PPV in PMMA, a mixture of chloroform and acetone has been used. Chloroform, which is a good 
solvent for both components, swells the film and allows the MEH-PPV chains to become mobile. 
Acetone, on the other hand, is a good solvent for PMMA but a poor solvent for MEH-PPV, 
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encouraging MEH-PPV aggregation to limit contact with the acetone vapor. As in the case of block 
copolymers, the conjugated polymer chains gain mobility, which encourages the chains to self-
assemble and aggregate via Ostwald ripening and coalescence.80 Our lab has previously developed 
a home-built system for fine-control and monitoring of the SVA process using a quartz crystal 
microbalance and mass flow controllers. The details of the system can be found in Appendix A, 
as well as in reference 92. 
The size and the conformation of the aggregates can be controlled in various ways; the first 
technique adapted was to control the ratio between chloroform and acetone in the vapor mixture. 
Other options were explored in subsequent years including altering the regioregularity or 
introducing defects or halogen atoms into the conjugated polymers during synthesis.77,78,84 Our lab 
previously published that the initial concentration of the conjugated polymer in the host polymer 
matrix affects the size and the conformation of the resulting aggregates after the SVA process.79 
The same approaches used for single molecules described in the previous section have been used 
as single particle approaches to characterize aggregates. These studies have provided additional 
insight on the relationship between (intra and inter) chain order and photophysical properties, 
including those with more direct relevance to device properties.  
1.4 Motivation and Dissertation Outline 
Throughout the introduction, the importance of conjugated polymer conformation on its 
photophysical properties has been emphasized, and how that relationship can appear in 
experimental data was detailed. However, there are still obscurities in conjugated polymer 
conformation as reported through M measurements, which continue to be used due to their 
simplicity and convenience despite the development of super-resolution techniques. In addition, 
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the effects of the newly introduced use of solvent vapor annealing on conjugated polymers has not 
been fully explored. The rest of the dissertation will center around these issues. 
In Chapter 2, we focus on M measurements, a commonly used technique to report on 
transition dipole alignment and thus molecular conformation of single conjugated polymers and 
aggregates, as discussed above. Extrapolation of conformation from these measurements, 
however, is complicated by the fact that photophysical processes (which themselves are coupled 
to conformation) may influence M values. In this chapter, we show that the presence of intensity-
dependent partial photoluminescence quenching can suppress M values, with this suppression 
more prominent in molecules with highly aligned transition dipoles. We show that these effects 
are a direct consequence of properties of fluorescence intensity maxima and minima as a function 
of excitation polarization in MEH-PPV single molecules, as supported by a simulation that 
reproduces the experimental results. Our findings show that interpreting M values of molecules 
with complex photophysics should be done with caution. 
In Chapter 3, first, we examine the possibility of MEH-PPV single-molecule conformation 
change by solvent vapor annealing. The single chains were prepared from two different solvents, 
toluene and chloroform, leading to different initial conformations, mainly ordered-collapsed and 
random coil. Then, solvent vapor swelling was performed using the same two solvents, resulting 
in four combinations. Even when the degree of swelling was large enough for single-chains to 
show mobility, we show that the initial conformation is maintained even after solvent vapor 
annealing, regardless of the type of solvent vapor used. 
Then, to bridge the gap between single-molecule and bulk thin-film studies of organic 
semiconductors and understand the influence of molecular structure on photophysical properties 
across scales, we prepared and characterized aggregates containing a few to more than a thousand 
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single chains via well-controlled solvent vapor swelling of an inert polymeric matrix containing 
the conjugated polymer MEH-PPV. The single chains were initially immobilized in conformations 
with few interchain contacts, which can support exciton funneling on the single-molecule level. 
We show that aggregates prepared via solvent swelling and templated on such molecules result in 
largely isotropic aggregates. Analysis of aggregate polarization anisotropy, photoluminescence 
transient decay, and photoluminescence spectra as a function of aggregate size suggests that in 
these aggregates exciton diffusion is locally enhanced upon initial aggregation but does not reach 




Chapter 2. Complex Photophysical Behaviors Affect Single 
Conjugated Molecule Optical Anisotropy Measurements 
This chapter was reproduced in part from Kwon et al.93 
 
2.1 Introduction 
Optical anisotropy measurements have been widely used to characterize a variety of single 
molecules.59,65,101,102,74,94–100 Among these techniques, fluorescence polarization modulation depth 
(M) measurements have been commonly applied to ascertain information on the conformation of 
single conjugated polymers and aggregates.18,26,85,103–107,69,76–80,83,84 Although it is conceptually 
simple to understand why modulation depth measurements are closely connected to degree of 
alignment of transition dipoles and thus physical anisotropy of an interrogated molecule or 
aggregate, the interpretation of the value may be challenging, particularly in systems with complex 
photophysical behavior. Attempts to validate and strengthen information obtained from M 
measurements have come in the form of side-by-side experiment and modeling as well as 
experimental variations, in which both excitation and emission M values are measured.26,68,69,108,109 
Recently, we investigated how monitoring M values during photobleaching could reveal whether 
more compact or extended regions of the prototypical conjugated polymer poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) were more photostable;106 this work also 
clearly showed how partial photobleaching (and number of absorbing chromophores) itself affects 
measured M value for a molecule with static conformation. Here, we investigate a similar 
phenomenon, showing how M values may be suppressed in the presence of quenching processes, 
including those that have been suggested to be significant exciton quenching and de-excitation 
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mechanisms in MEH-PPV.41,47,54,110–116 This phenomenon is analogous to one observed and 
described previously in bulk fluorescence anisotropy measurements on J-aggregates.117,118 
Modulation depth can be measured by monitoring intensity of photoluminescence (PL) as 
a function of excitation and/or emission light polarization angle. In this study, excitation light 
polarization is modulated. M is typically defined as the normalized difference between the 




𝐼𝑚𝑎𝑥 −  𝐼𝑚𝑖𝑛




 Eq 2 
 
where A is the amplitude of a sinusoidal modulation and Iave is the mean intensity of the modulated 
signals (Figure 9a). Typically, modulation depth is obtained by fitting the PL curve as a function 
of polarization angle to 




Figure 9. (a) Photoluminescence modulation curve used to calculate M for a simulated molecule with 
absorption cross-sections projected onto the sample plane of σx = 0.25 and σy = 1.0 (inset), with Imin, Imax, 
Iave, and A as in Eq 2. (b) PL intensity as a function of excitation intensity (Iex) for the example molecule 
described in (a) and with α = 10, β = 3 according to Eq 4. (c) Modulation depth (M) vs excitation intensity 
for the example molecule as defined by Eq 5. 
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with IPL the intensity of photoluminescence, φ the polarization angle of the excitation light, φ0 a 
reference polarization angle corresponding to the maximum intensity angle of the excitation 
polarization, and C a proportionality constant. 
 In conjugated polymers, absorption of photons is followed by creation of excitons, tightly 
bound electron–hole pairs. Even in single conjugated polymers, multiple excitons may be 
generated, and these may migrate to local minimum energy sites at which emission may occur. 
Such emission sites may become dark either permanently, after chromophores are affected by 
photobleaching, or temporarily, when an exciton occupies a long-lived state such as a triplet. 
Another mechanism by which temporary extinction of emission may occur is exciton–exciton 
annihilation. For multichromophoric conjugated polymers, exciton–exciton annihilation is 
expected to increase as a function of excitation intensity and polymer molecular weight.55,109 
Indeed, excitation intensity-dependent photoluminescence measurements showed that many 
conjugated polymer materials exhibit exciton–exciton annihilation and result in quenching at 
excitation power densities at and above ≈0.1 W/cm2 at λ = 458 nm.113 On the single-molecule 
level, this was shown for poly(3-hexylthiophene) (P3HT), where the PL increase deviates from a 
linear correlation with an excitation intensity ≈50 W/cm2 at λ = 485 nm.55 
 Here, we consider how complex photophysical processes affect measured modulation 
depth using intensity-dependent exciton–exciton annihilation to illustrate the point. For both single 
and multichromophoric single polymers with exciton migration and intensity-dependent 
annihilation, PL intensity can be expressed by 
 𝐼𝑃𝐿 =
𝛼
1 +  𝛽𝜎𝐼𝑒𝑥




where α is a proportionality factor related to internal quantum efficiency, σ is absorption cross-
section, and β is a quenching factor.55 In single P3HT molecules, it was shown that this form 
described observed PL intensity, consistent with singlet–triplet annihilation.55 Although Eq 4 was 
used to describe molecular weight- and excitation intensity-dependent saturation in single P3HT 
molecules presumed to funnel all excitons to a single emitting site, this model can also serve as an 
effective expression for photoluminescence in molecules with multiple exciton domains such as 
MEH-PPV. In this case, in the absence of exciton domain coupling, quenching would occur in 
accordance with Eq 4 within each exciton domain, and the total photoluminescence intensity 
would be a sum of that from all domains, each described by Eq 4. This model would then be 
appropriate both for MEH-PPV molecules in ordered, collapsed conformations (with high M and 
few exciton domains) and those in more extended conformations (with low M and a greater number 
of exciton domains). More generally, we note that Eq 4 can describe quenching processes beyond 
singlet–triplet annihilation, and such quenching can emerge from a number of processes that 
involve exciton migration to long-lived quenching sites such as defects and charge traps.47 
 Within the model characterized by Eq 4, in the absence of quenching (β = 0), PL intensity 
is directly proportional to the absorption cross-section. For a molecule with σx = 0.25 and σy = 1.0, 
following from Eq 2 and Eq 4, M = (σy – σx)/(σy + σx) = 0.6, independent of excitation intensity. 
However, if β is nonzero and quenching occurs, M will be excitation intensity-dependent (except 
for molecules with M = 0 and 1) and assuming α and β are polarization independent, will vary as 
 𝑀 =
𝜎𝑦 − 𝜎𝑥
𝜎𝑥 + 𝜎𝑦 + 2𝛽𝜎𝑥𝜎𝑦𝐼𝑒𝑥
 Eq 5 
 
For M′ measured at an excitation intensity cIex, with c greater than 1, M′ < M for the same molecule 




𝑀′ =  
𝜎𝑥 + 𝜎𝑦 + 2𝛽𝜎𝑥𝜎𝑦𝐼𝑒𝑥
𝜎𝑥 + 𝜎𝑦 + 2𝑐𝛽𝜎𝑥𝜎𝑦𝐼𝑒𝑥
× 𝑀 Eq 6 
 
The value of M′ can also be expressed through a generalized form of Eq 2, via 
 
𝑀′ =
𝑎𝐼𝑚𝑎𝑥 −  𝑏𝐼𝑚𝑖𝑛
𝑎𝐼𝑚𝑎𝑥  +  𝑏𝐼𝑚𝑖𝑛
 Eq 7 
 
If there is no excitation intensity-dependent quenching, co-efficients a and b will be identical and 
M′ = M. However, if more quenching occurs at a higher excitation intensity, a < b and M′ < M. 
Assuming that α and β in Eq 4 are equal along the orthogonal x and y orientations of the molecule, 
α = 10, and β = 3 in a molecule with σx = 0.25 and σy = 1.0, the M value will decrease from 0.54 
to 0.27 for a relative excitation intensity increase of a factor of 10 (Iex = 0.1–1.0) (Figure 9b,c). At 
low excitation intensity, PL intensity increases nearly linearly with excitation intensity, quenching 
is negligible, and the M value is close to 0.6. As excitation intensity reaches the regime in which 
quenching is evident, M falls rather rapidly to values typically associated with molecules lacking 
significant optical anisotropy. Such an excitation intensity-dependent M value change will be 
observed if emission intensity saturates with respect to increasing excitation intensity, regardless 
of particular source of quenching. 
 In this chapter, we confirm the effect of excitation intensity-dependent quenching on 
modulation depth measurements of single conjugated molecules with multiple exciton domains. 
The model system used is MEH-PPV single molecules dissolved in chloroform and confined in 
polystyrene since such molecules typically show broad M distributions,106 which allows us to 




2.2.1 Sample Preparation 
MEH-PPV of Mn = 140 kDa and polydispersity index (PDI) = 1.8 was purchased from 
Polymer Source and was used without further purification. The MEH-PPV was diluted in ≈4 wt % 
polystyrene (MW = 6.4 kDa, PDI = 1.05) with chloroform as the solvent. The solution was spin-
cast onto native oxide-covered silicon wafers to prepare films of ≈200 nm thickness. The 
concentration of MEH-PPV in the solution was ≈10–11 M, and the average separation between 
molecules in the films was greater than 1 μm when imaged with wide-field microscopy. 
2.2.2 Optical Setup 
A home-built wide-field epifluorescence microscope system (Figure 10) was used to 
perform the experiments. Samples were placed in a vacuum cryostat held at ≈1 mTorr. A 
continuous wave laser at 532 nm (Spectra Physics; Millenia V, Nd:vanadate 532 nm diode laser) 
was the excitation source. Circularly polarized light was used for the excitation intensity-
dependent PL measurement. Excitation intensity was increased from 20 W/cm2 in increments of 
20 W/cm2 until excitation intensity reached 200 W/cm2. Excitation intensity was then decreased 
in increments of 20 W/cm2 until it reached the starting point of 20 W/cm2. Ten frames were 
collected for each measurement at a frame rate of 5 Hz. The 10 frame average PL intensity was 
used for further data analysis. For M measurements, a rotating linear polarizer was placed before 
the objective lens (Zeiss, LD Plan-Neofluar, air 63×, NA = 0.75, WD = 1.5 mm) and was rotated 




Figure 10. A schematic diagram of the home-built wide-field epifluorescence microscope system used for 
this experiment. ND stands for neutral density and DM stands for dichroic mirror. 
2.2.2 Data Analysis 
Collected movies were analyzed using a custom-made program in Python. Feature finding 
was done using the Crocker-Grier algorithm via Trackpy Python package.119 Features were 
excluded from M analysis if they exhibited significant photoblinking during a given M 
measurement or showed altered PL intensity at 50 W/cm2 before and after high intensity 
measurements. Feature intensity was defined as the mean value of the five brightest pixels of 49 
pixels (7  7) around each identified feature. Background intensity was obtained in the same way, 
considering the 32 pixels in the 9  9 area that are not a part of the 7  7 feature area.  To assure 
statistically equivalent consideration for background and feature calculation, an additional 17 
pixels adjacent to the 9  9 area were used to provide 49 pixels for the background intensity 
calculation. Background subtracted frame-by-frame (angle-by-angle) center feature intensity 




2.3 Results and Discussion 
First, circularly polarized excitation light was used to measure PL intensity of a set of single 
MEH-PPV molecules as a function of excitation intensity from 20 to 200 W/cm2, which is within 
the range of typical single-molecule experiments (Figure 11a). The results indicate that significant 
PL quenching occurs at high excitation intensities, consistent with previous work.113 However, we 
also note that there is significant molecule-to-molecule variation in the quenching curves, which 
is evident in the error bars that represent standard deviation of the PL intensities, with particular 
molecules showing consistent behavior as a function of increasing excitation intensity (Figure 
11b). The molecule-to-molecule variations may emerge from differences in quenching as a 
function of molecular conformation. There may also be (potentially conformation-dependent) 
photoactivation processes that compete with the quenching processes, as is evident from particular 
molecules whose PL intensity increases superlinearly with excitation intensity (Figure 11b). Partial 
photobleaching, which has also been shown to affect measured polarization modulation values,106 
is not at play, as only molecules with the same PL intensity as excitation power was ramped up 
and then down were analyzed, thus excluding those molecules exhibiting photobleaching during 
the experiment. 
The intensity-dependent quenching shown in Figure 11 suggests that the quenching effects 
on M values described in the Introduction may occur in these molecules. This is supported by 
polarization modulation measurements at different excitation intensities performed on these same 
molecules (Figure 12). Some molecules represented in the intensity-dependent measurements 
(Figure 11a) were excluded from the analysis represented by Figure 12: these molecules exhibited 
photoblinking and/or complete photobleaching during the polarization modulation measurements. 




Figure 11. Photoluminescence intensity ratio as a function of excitation intensity ratio for MEH-PPV 
molecules dissolved in chloroform and immobilized in PS (n = 193). The reference excitation intensity is 
20 W/cm2. Error bars indicate the standard deviations of the PL intensities. (b) Data from 20 single 
molecules selected at random from the results shown in (a). Red line (y = x) is a guide to the eye. 
 
 
Figure 12. (a) PL intensity as a function of polarization angle of excitation intensity for a single MEH-PPV 
molecule at 50 W/cm2 (red) and 200 W/cm2 (blue). Relative Imax (co-efficient a in Eq 7) (2.7) and Imin (co-
efficient b in Eq 7) (3.5) values are shown. Lines are fits to the raw data (symbols) that are used to obtain 
the values of M = 0.68 (Iex = 50 W/cm2) and M’ = 0.54 (Iex = 200 W/cm2) via Eq 3. (b) A scatter plot of M 
values (measured at Iex = 50 W/cm2) and M′ values (measured at Iex = 200 W/cm2) for n = 111 molecules. 
The red point is the molecule shown in (a). Error bars represent fit uncertainty. The red line is a guide to 




4.0, the increase in the ratio of Imax (=2.7) is less than that in Imin (=3.5). As a result, the measured 
M value decreases from 0.68 to 0.54. A scatter plot of M and M′ values for each MEH-PPV 
molecule measured at Iex = 50 W/cm
2 (M) and 200 W/cm2 (M′) is shown in Figure 12b. Nearly, all 
M′ values are lower than the M value for the same molecule, with the data well fit by a line with 
slope of 0.84. 
To confirm that photobleaching is not at play and that measurement to measurement 
variation is not responsible for the observed decrease of M with increasing excitation intensity, M 
values were measured a second time at 50 W/cm2 after the high intensity M′ measurements were 
performed. In this case, the best-fit line has a slope of 1.01 (Figure 13), confirming that the 
tendency toward lower M values at high excitation intensity is not related to photobleaching or 
noise. To further analyze individual molecules’ response, co-efficients a and b as defined in Eq 7 
and the ratio a/b are plotted with respect to M values in Figure 14. The data show that higher M 
molecules have lower a/b ratios, consistent with the greater decrease in polarization modulation as 
a function of excitation intensity compared to molecules with low M values (Figure 12). Closer 
inspection of the data shows that a/b < 1 for most molecules, as expected. However, the change in 
the a/b ratio is driven not only by a decrease in a that increases as M increases but also by an 
increase in b, with many molecules with high M showing b ratios greater than 4, the expected ratio 
if no quenching was present. Molecules with high M values necessarily have a small value of Imin, 






Figure 13. Scatter plot of M values of the molecules shown also in Figure 12 measured twice at 50 W/cm2, 
before and after the measurement at 200 W/cm2. Error bars represent fit uncertainty. Red line is a guide to 
the eye with y = x. Green line is a linear fit to the data with slope = 1.01. 
 
 
Figure 14. (a) Scatter plots of Imax ratio (co-efficient a in Eq 7) and Imin ratio (co-efficient b in Eq 7) vs M 
for the set of molecules also shown in Figure 12. (b) Scatter plot of a/b vs M. Several data points are outside 





To characterize how noise may manifest in these measurements, we performed simulations 
as detailed in the Appendix B. Briefly, 1000 molecules were simulated to generate an M 
distribution consistent with the experimental distribution. Following that, both noise and 
quenching were considered independently for their influence on measured M values as a function 
of excitation intensity. Figure 15 shows that, as expected, in the absence of noise and any 
photophysical processes such as exciton–exciton annihilation, measurements of M at two different 
excitation intensities are identical (Figure 15a,b). The addition of noise affects the results, with the 
Imax ratio (co-efficient a) and Imin ratio (co-efficient b) both broadening (Figure 15c). This is more 
apparent and M dependent for Imin, as expected due to the sensitivity of low Imin values to noise, 
which leads to unphysical Imin ratios, including negative values and very high positive values of 
this quantity compared to the expected value of 4. However, in contrast to the experimental data, 
the spread in Imax and Imin ratios is rather symmetric, such that the best-fit line for the simulated M′ 
vs M scatter plot retains a best-fit slope of near 1 (slope = 0.99) (Figure 15d). 
When exciton quenching is included in the (noise-free) simulation, sublinear changes of 
Imin and Imax with excitation intensity are evident (Figure 15e). Beyond that, Imin values increase 
with increasing M, consistent with the experimental data. Incorporating photoinduced quenching 
according to Eq 4 with β = 2 best captures the Imax suppression seen experimentally. Although this 
inclusion of quenching also reproduces some aspects of the experimental M′ vs M measurements 
shown in Figure 12, as discussed in the Introduction, intensity-independent M values will be 
present at 0 and 1 even in the presence of quenching (Figure 15f). Due to the tendency for 
molecules with high M values to be more strongly affected by noise, adding noise to these 
simulations including photoquenching recovers the observed behaviors of Imin, Imax, and M′ vs M, 




Figure 15. (a) Scatter plots of Imax ratio and Imin ratio as defined in Eq 7 vs. M for a simulation of 1,000 
molecules with neither noise nor quenching and an excitation intensity ratio of 4, as in the experiment. (b) 
M’ vs. M for the simulation also depicted in (a). (c) Scatter plots of Imax ratio and Imin ratio as defined in Eq 
7 vs. M for a simulation of 1,000 molecules with noise as described in the Appendix B but no quenching 
and an excitation intensity ratio of 4, as in the experiment. (d) M’ vs. M for the simulation also depicted in 
(c). Red line is a guide to the eye, showing y = x. Green line is a linear fit to the data with slope = 0.99. (e) 
Scatter plots of Imax ratio and Imin ratio as defined in Eq 7 vs. M for a simulation of 1,000 molecules with 
quenching as described in the Appendix B but no noise and an excitation intensity ratio of 4, as in the 
experiment. (f) M’ vs. M for the simulation also depicted in (e). Red line is a guide to the eye, showing y = 




Figure 16. (a) Scatter plots of Imax ratio and Imin ratio as defined in Eq 7 vs M for a simulation of 1,000 
molecules with noise and quenching as described in the Appendix B and an excitation intensity ratio of 4, 
as in the experiment. (b) M′ vs M for the simulation also depicted in (a). The red line is a guide to the eye, 
showing y = x. The green line is a linear fit to the data with slope = 0.84. 
Although the measured M suppression at high excitation intensity is consistent with the 
simulated results, additional photophysics beyond that captured with the quenching described by 
Eq 4 could also be at play. For example, photoactivation processes are sometimes evident in single-
molecule data, with a given molecule becoming brighter over time at a given illumination intensity. 
Although molecules with strong evidence of such behavior were not present in this dataset (see 
Figure 13), some do display photoactivation with increasing intensity (Figure 11b). Beyond 
photoactivation, MEH-PPV displays a broad range of photophysics that may not be captured by 
Eq 4 and may further be conformation dependent.47,54,113 Indeed, one may expect the assumption 
of independent exciton domains to preferentially fail in MEH-PPV molecules with more compact 
conformation, where efficient exciton funneling exists. Further experimental measurements and 
theoretical treatment would be needed to clarify these issues; however, our experimental data 
suggest that MEH-PPV molecules with a range of conformations display photoquenching behavior 
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and subsequent intensity-dependent M values captured by the relatively simple model originally 
used to characterize intensity-dependent quenching through singlet–triplet annihilation. 
2.4 Conclusion 
Modulation depth measurements are widely used to determine the degree of anisotropy and 
conformation of emitting conjugated polymers at the single-molecule and aggregate levels. 
However, many such materials exhibit complex photophysics, including strong evidence of 
excitation intensity-dependent photoquenching. We show here that intensity-dependent quenching 
that manifests in sublinear photoluminescence intensity growth with increasing excitation intensity 
results in decreasing M values as a function of increasing excitation intensity, demonstrating that 
interpretation of M values and changes thereof must be done with caution and should not 
immediately be attributed to differences in molecular conformation. Beyond the intensity-
dependent singlet–triplet annihilation modeled here, other intensity-dependent photophysics may 
affect measured M values, and additional experimental and theoretical work are required to fully 
clarify origins of intensity-dependent polarization modulation in multichromophoric molecules 






Chapter 3. Nearly Isotropic Conjugated Polymer Aggregates with 
Efficient Local Exciton Diffusion 
This chapter was reproduced in part from Kwon et al.120 
 
3.1 Introduction 
Conjugated polymers have been extensively studied over the last two decades due to their 
potential as functional materials in optoelectronic devices including light-emitting diodes, solar 
cells, and photovoltaics.4–9,11,121,122 Attractive qualities of conjugated polymers as components of 
such devices include their solution processibility, mechanical properties, low production cost, and 
tunable photophysical properties. However, limitations exist, with conjugated polymer-based 
devices often suffering from limited device stability and low efficiency compared to their inorganic 
counterparts.6,7 Some of these limitations are due to the nature of excitons, the fundamental 
excitations in conjugated polymers, which are Coulombically bound electron and hole pairs. While 
exciton migration is key to polymer-based device functionality, exciton migration to extrinsic 
impurities or intrinsic defects can lead to nonradiative or radiative recombination processes, either 
or both of which can inhibit desired device function.1,40,53,123–126 Enhanced understanding and 
control of exciton behavior can lead to improvement in polymer-based device function, as 
highlighted by a recent paper in which a conjugated polymer electron donor layer was combined 
in a double-layered halide architecture.127 Here, a wide bandgap halide was placed adjacent to a 
poly(3-hexylthiophene) [P3HT] electron donor layer to limit exciton recombination at the 
interface; this approach also induced ordered fibrillar morphology in the P3HT that encouraged 




 The presence of multiple chromophores (a base unit for conjugation that consists of several 
monomers) as may exist on a single conjugated polymer assures complexity in exciton behavior 
and study thereof.27,28,35,40,105,128,129 Interactions between chromophores determine the properties 
of conjugated polymers, including the efficiency and timescale of exciton migration. On a single-
chain level, both intrachain (along-chain) and interchain (across-chain) processes can contribute 
to these properties. In the model conjugated polymer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV), this leads to two distinct behaviors, which are linked to two 
distinct chain conformations. When dissolved in toluene, regarded as a poor solvent for MEH-
PPV, and immobilized in an inert matrix such as poly(methyl methacrylate) or polystyrene, MEH-
PPV chains are known to adopt a collapsed and ordered conformation, as supported by evidence 
of highly aligned transition dipoles in experiments and simulation.26,33,40,64,68,76,98,130,131 These 
molecules show stepwise photobleaching and relatively red emission, providing evidence that the 
chain planarization and/or interchain interactions predominant in MEH-PPV chains with such 
conformations support relatively long conjugation lengths and facile exciton 
migration.40,60,65,72,75,132–134 Alternately, when dissolved in chloroform, MEH-PPV chains adopt a 
random coil conformation in which intrachain interactions dominate. In this case, the MEH-PPV 
chains typically show low polarization anisotropy, continuous photobleaching, and higher energy 
emission.40,64,65,69,75,106,132,135,136  
Solvent vapor annealing (SVA) technique has been widely used in block copolymer studies 
to gain control over the polymer ordering in a film, and gained popularity in the conjugated 
polymer single-molecule studies as well in less than a decade. In single-molecule studies, when 
exposed to the solvent vapor, the host polymer matrix intakes vapor and swells as a result. In turn, 
the polymer chains embedded in the matrix gain mobility. Taking advantage of it, Vogelsang et 
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al. demonstrated that the single-chain conformation can be altered using solvent vapor swelling.64 
The authors argued that, since conjugated polymer chains show mobility and their fluorescence 
intensity increases during the SVA process, the chain must exhibit more open and extended 
conformation during the solvent exposure, where host polymer matrix must be in the 
“heterogeneous mixture of solid and liquid-like phase.” By measuring the fluorescence 
polarization modulation depth before and after SVA for MEH-PPV single-molecules, they 
revealed that regardless of the starting conformation (imposed by the solvent used in the sample 
preparation), the final confirmation of single-molecules is highly collapsed after SVA. 
 Though on a single-molecule level the relationship between conformation and 
photophysical properties has largely been elucidated, the full array of interactions present in 
densely packed environments such as those in devices cannot be fully recapitulated at the single-
molecule level. To enhance understanding of the relationship between conjugated polymer 
conformation and photophysics, as well as to bridge single-molecule and bulk level studies, 
aggregates and nanoparticles of conjugated polymers have been the subject of recent 
work.76,77,86,87,78–85 It is particularly instructive to study aggregates prepared in a controlled and 
reproducible manner, and, as such, aggregates have been prepared through solvent vapor swelling 
, allowing conjugated polymer chains to diffuse and aggregate via Ostwald ripening and/or particle 
coalescence.80,83 
 Here, we use a multimodal apparatus previously described that affords control over the 
matrix swelling and conjugated polymer aggregation process and simultaneous wide-field 
fluorescence imaging92 characterize single-molecules and aggregates of MEH-PPV in PMMA. 
First, we focus our attention to the possible conformation change of single-molecules during SVA.  
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We hypothesize that the solvent used in swelling affects the conformation of the conjugated 
polymer chain, as the chains can interact with new solvent introduced to the system. To test this 
theory, the samples were prepared using one of two solvents, toluene and chloroform, each 
representing a poor solvent and a good solvent. Then, each sample was exposed to the vapor of 
the same two solvents, resulting in four different combinations. We show that the solvent used 
during the swelling process does not alter the conformation that was pre-determined by the 
dissolving solvent. Even though mobile conjugated polymer chains could be observed, and the 
interaction between solvent and polymer chains is one of the biggest factors in determining 
conformation, the interaction during the swelling of host matrix is not effective enough for the 
conformation to change significantly. 
In addition to the single-molecule conformation study, MEH-PPV aggregates were also 
studied. In contrast to our previous work focused on MEH-PPV initially dissolved in toluene,79 
which supports a collapsed and ordered conformation, here we study MEH-PPV initially dissolved 
in chloroform, which supports the random coil conformation at the single-molecule level. We show 
that the relatively isotropic conformation of single MEH-PPV chains following dissolution in 
chloroform is maintained even after multichain aggregation. Previous studies have explored the 
effects of conjugated polymer conformation at the single-molecule level on aggregate structure 
and photophysics, but those studies controlled single-molecule conformation by controlling 
regioregularity or introducing defects or halogen atoms during polymer synthesis.77,78,84 Here, we 
show that even a change in dissolving solvent during sample preparation impacts aggregate 
physical conformation and photophysical behavior despite swelling of the background matrix that 
allows conjugated polymer mobility. In these systems, we find indications of local enhancement 
of interchain interactions due to aggregation (red shift of emission spectra and increasing 
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quenching efficiency) without signs of long-range exciton migration that were apparent in 
aggregates templated on MEH-PPV molecules with collapsed and ordered conformation.79 This 
chapter provides insights into the complex relationship between polymer morphology and energy 
transfer, adding to the set of findings suggesting the importance of sample preparation in setting 
exciton migratory capacity in conjugated polymers across scales.68,77,84,108,137–139 
3.2 Methods 
3.2.1 Sample Preparation 
For single-molecule conformation study, MEH-PPV (Mn = 160 kDa and PDI = 1.05) was 
purchased from Polymer Source and was used without further purification. Poly(methyl 
methacrylate) (PMMA; Mw = 97 kDa and PDI = 2.2) was purchased from Sigma-Aldrich and 
purified before use.140 MEH-PPV solutions were prepared by dissolving MEH-PPV in either 
toluene or chloroform (HPLC plus grade), which were purchased from Sigma-Aldrich and used 
without further purification. The prepared MEH-PPV solutions were ~ 10-11 M, which was furthur 
mixed with either ~6 wt% PMMA/toluene or ~2.5 wt% PMMA/chloroform solution at a 1:500 
ratio to have the final concentration typically used for single molecule studies. Spin-coating was 
used to deposit the solutions onto piranha-cleaned glass coverslips, which resulted in emissive 
feature density of ~0.7 spots/m3. 
For aggregate study, MEH-PPV (Mw = 168 kDa and PDI = 2.1) was synthesized as 
described previously.141 MEH-PPV solutions of four different concentrations—concentrations A, 
B, C, and D—were prepared by dissolving MEH-PPV in chloroform. Concentration A was ~ 10-
11 M and concentrations B, C, and D were 10, 100, and 1000 times concentration A, respectively. 
The prepared MEH-PPV solutions were then mixed with ~ 2.5 wt% PMMA/chloroform solution 
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as described above. Spin-coating was used to deposit the solutions onto piranha-cleaned glass 
coverslips, which resulted in emissive feature density of ~0.4 spots/m3 for concentration A. 
3.2.2 Solvent Vapor Annealing (SVA) 
The SVA technique employed is described in detail in Appendix A and our previous 
publication.92 Briefly, a solvent reservoir, a mixing bottle, and three mass flow controllers (MFCs; 
Alicat Scientific, two MCS-100SCCMs and one MCS-200SCCM) were used to control the solvent 
vapor flow of the system. First, dry N2 gas was introduced to the solvent reservoir through an MFC 
where the flow rate was controlled. The solvent vapor was generated by bubbling the N2 gas in the 
solvent reservoir. For single-molecule conformation study, either toluene or chloroform was used 
as a single source of solvent vapor. For aggregation, a mixture of chloroform and acetone (50:50 
liquid volume ratio; 43.7:56.3 vapor ratio) was used. The solvent vapor entered the mixing bottle, 
where more N2 gas could be introduced through two additional MFCs if needed. The solvent vapor 
then traveled to the SVA chamber where two films were placed, one deposited on a glass coverslip, 
used for wide-field fluorescence measurements, and one on a quartz crystal microbalance (QCM) 
sensor, used for monitoring the SVA process. The QCM (Stanford Research Systems, QCM-200) 
detected mass change of the film, which was converted to changes in film thickness. For single-
molecule conformation study, the initial thickness of sample films was 300  10 nm, and during 
SVA, the swollen film thickness varied, which will be specified in the results section. For 
aggregate study, the initial thickness of sample films was 210  5 nm, and during SVA, unless 
otherwise specified, the swollen film thickness was 535  5 nm, which was controlled through N2 
flow into the solvent reservoir that in turn controls the solvent vapor flow rate, adjusting the MFC 
as needed for the duration of swelling. Except when otherwise noted, films were swollen for 50 
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min and then deswelled by flowing dry N2 gas into the SVA chamber. All experiments were carried 
out at room temperature (21 C). 
3.2.3 Wide-Field Epifluorescence Imaging 
A home-built wide-field epifluorescence microscope system (Figure 17), different from the 
one used in Chapter 2, was used to perform the experiments. A continuous-wave 488 nm diode 
laser (Thorlabs, L488P60) was used as the excitation source. It was coupled to a multimode fiber 
that was mechanically shaken to improve homogeneity of the illumination. A linear polarizer and 
a quarter-wave plate were used to generate circularly polarized light. The beam then passed 
through a laser line filter and a collimating lens, reflected off a dichroic mirror, and was focused 
onto the back-focal plane of an oil-immersion objective (Olympus PlanApo N 60×, NA = 1.45). 
For polarization modulation measurements, a motorized rotating linear polarizer was placed before 
the dichroic mirror and rotated at 10 o/sec. The fluorescence from the sample was collected with 
the same objective and was filtered using a 514 nm long-pass filter before imaging onto an 
EMCCD camera (Andor, iXon DV885 KCS-VP). The 14-bit images were recorded over 512 pixels 
 512 pixels. The final field of view was 47 m × 47 m. 
 




3.2.4 Data Analysis 
All fluorescent features were first identified using the Crocker-Grier algorithm via the 
Trackpy Python toolkit.119 The intensities of identified features were then calculated and 
background-corrected using a custom program written in Python. For single-molecule 
conformation study, the mean value of the five brightest pixel in the area of 9  9 around identified 
feature was used as fluorescence intensity. Other details such as background subtraction are the 
same as in Chapter 2. 
Alternatively, for aggregate study, fluorescence intensity, IAGG, was calculated by 
subtracting the contribution from the background single MEH-PPV chains as well as camera noise: 
 






 Eq 8 
 
N is the number of pixels over which the feature size is defined, IP,XY is pixel intensity within the 
feature, and IP,film-median is the median pixel intensity of the field of view, which represents the sum 
of signal from the remaining dispersed MEH-PPV single-chains and camera noise. For these 
calculations, we chose N = 13. The fluorescence intensity of single MEH-PPV chains, ISM, which 
is relevant for films of concentration A before and after SVA, is also calculated via the above 
equation, and here IP,film-median is due only to camera noise. 
3.2.5 Spectroscopy Setup and Spectral Data Analysis 
To collect photoluminescence spectra, a spectrograph (Andor Shamrock 193i) was placed 
before the EMCCD camera. When collecting spectra, a 498 nm long-pass filter was used in place 
of the 514 nm filter and the 14-bit images were recorded over 1002  1004 pixels. All spectra were 
fit to three Gaussian or Voigt functions via least-squares fitting except as noted. Peak positions 
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and relative heights were determined from the sum of the deconvolved spectra, which is the 
reconstructed spectrum without noise, except where noted. 
3.3 Results and Discussion 
3.3.1 Single-Molecule Conformation Study 
To compare conformation of MEH-PPV single-molecules, polarization modulation depth 
(M) measurements were performed before and after SVA. M was obtained by rotating a linear 
polarizer while collecting fluorescence images. Fluorescence intensities of MEH-PPV molecules 
were plotted as a function of polarization angle and fit to the function 𝐼(𝜙) = 𝐼0[1 +
𝑀𝑐𝑜𝑠{2(𝜙 − 𝜙0)}], where  is polarization angle, 0 is a reference polarization angle at the 
intensity maximum, and I0 is a reference fluorescence intensity at the intensity maximum. M values 
report the alignment of absorbing transition dipoles and thus report on the conformation of MEH-
PPV molecules or aggregates, with M near 1 for molecules or aggregates with highly aligned 
chromophores and close to 0 for isotropic chromophore arrangement.  
 
Figure 18. M histograms of MEH-PPV single-molecules prepared in toluene, before (red) and after (black) 
SVA. Each sample was swollen using (a) toluene and (b) chloroform during SVA. The films were swollen 
for 60 min, and swollen film thicknesses were (a) 385  10 nm and (b) 445  10 nm. Total number of 
features represented by the histograms are (a) 390 and 409, and (b) 326 and 153 for before and after SVA, 
respectively. 




























For MEH-PPV single-molecules initially dissolved in toluene, the histograms of the M 
values measured before SVA show median values of 0.86 and 0.85, shown in Figure 18a and b, in 
close agreement with literature.64,76,79,130 When SVA was performed on the samples using two 
different solvents, toluene (Figure 18a) and chloroform (Figure 18b), the measured M values after 
SVA both showed medians of 0.94, only a slight shift from the median values before SVA. This 
indicates that regardless of the solvent used for swelling, SVA induces only a small degree of 
conformation change in MEH-PPV single-molecules prepared in toluene. Especially notable is 
that even when the molecules were exposed to chloroform during SVA, which is a good solvent 
that dissolves MEH-PPV better and promotes more open conformation, the MEH-PPV single-
molecule conformation stays in its original ordered-collapsed state. 
When M measurements were performed in MEH-PPV single-molecules initially dissolved 
in chloroform instead of toluene, the histograms of single-molecule M values before SVA show 
the median M values of 0.72, again in close agreement with literature (Figure 19).64 Similar to the 
results shown above, after SVA with two different solvents, toluene (Figure 19a) and chloroform 
(Figure 19b), the median M values show only a small change to 0.68 and 0.79, respectively, 





Figure 19. M histograms of MEH-PPV single-molecules prepared in chloroform, before (red) and after 
(black) SVA. The solvent used for swelling was (a) toluene and (b) chloroform. The films were swollen for 
120 min, and swollen film thicknesses were (a) 410  10 nm and (b) 585  10 nm. Total number of features 




Figure 20. M histograms of MEH-PPV single-molecules prepared in chloroform, before (red) and after 
(black) SVA. The solvent used for swelling was (a) toluene and (b) chloroform. The films were swollen for 
(a) 70 min and (b) 30 min, and swollen film thicknesses were (a) varied from 445  10 nm to 525  10 nm 
and (b) 865  10 nm, respectively. Total number of features represented by the histograms are (a) 333 and 
962, and (b) 236 and 386 for before and after SVA, respectively. 
 


















































To eliminate the possibility that the swelling of films was insufficient, SVA was repeated 
using the same two solvents with higher degrees of swelling. The initial median M values before 
SVA were 0.74 and 0.81 for the histograms shown in Figure 20a and b, and the medians barely 
change after SVA, showing values of 0.71 and 0.8. Despite the fact that this sample was 
sufficiently swollen to allow obvious molecular mobility, the single molecules apparently adopted 
similar conformations after SVA as that displayed following initial sample preparation through 
spin-coating. This stands in contrast to a previous study in which MEH-PPV was dissolved in 
chloroform and swollen in toluene vapor, in which the M values shifted to higher values signaling 
molecular collapse and ordering.64 
3.3.2 Aggregate Study 
Wide-field fluorescence images were collected before and after SVA for sample films of 
concentrations A–D (Figure 21). In films of concentrations A and B, individual bright features on 
a dark background are evident before SVA and the number of such features decreases after SVA, 
with this change quite subtle in films of concentration A and quite obvious in films of concentration 
B. For films of concentrations C and D, a bright background exists due to the large number of 
single molecules present that result in overlapping imaged features. In these samples, fluorescence 
intensity of the background of the films decreases significantly after SVA and the intensity of the 
clearly identifiable features increases. Taken together, this suggests that in samples B–D, single 
molecules aggregate to form multichain entities as a result of SVA. From here forward, we denote 
these features as aggregates B–D. Figure 22 shows the fluorescence intensity histograms of 
identified features of sample films before and after SVA for concentration A and after SVA for 




Figure 21. Representative wide-field fluorescence images of films of concentrations A–D (a–d) before and 
(e–h) after SVA. Intensity scale for the images is 1100–1500, 1100–2550, and 1100–10000 counts per 200 
ms for films of concentrations A and B, C, and D, respectively. Excitation power density was 2.5 W/cm2 
for all films. 
 
Figure 22. Histograms of fluorescence intensity of identified features in (a) concentration A (red) before 
and (black) after SVA and (b–d) concentrations B–D after SVA. The median intensities are 3500, 5090, 
31500, 49200, and 66000 counts per 200 ms at 5 W/cm2, respectively. Measurements were taken over at 
least 5 fields and total number of features represented by the histograms are 890, 591, 1692, 1621, and 1108 
for films of concentration A before SVA and after SVA and for films of concentrations B–D after SVA, 
respectively. Histograms are normalized by total area. 
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function of initial MEH-PPV concentration, suggesting that at higher initial concentrations, larger 
aggregates are formed. 
For aggregate study M measurements to assess conformation, excitation power densities 
were 7.5, 1.0, 0.5, and 0.5 W/cm2 for concentration A before and after SVA, and concentrations 
B, C, and D after SVA, respectively. This power is low enough to avoid potential M value 
suppression due to exciton-exciton annihilation93,113 as well as to suppress potential variation in 
signal from MEH-PPV molecules remaining in the background.79 
 The histogram of single-molecule M values before SVA shown in Figure 23a shows a 
median value of 0.66, in close agreement with previous results for MEH-PPV single molecules 
initially dissolved in chloroform.64 We note that sample A shows little change in median M value 
after SVA (median M = 0.64). The same as the single-molecule conformation study results, here, 
in spite of adequate swelling of the sample, the single-molecules maintained their conformations 
regardless of SVA. In the current work, swelling was performed in a combination of chloroform 
and acetone, and while acetone has been reasoned to be a poor solvent for MEH-PPV owing to its 
high polarity, in combination with chloroform it apparently does not induce the collapsed, ordered 
conformation. Given the consistency of M measurements before and after SVA for films of 
concentration A, presumably the template for aggregate formation is a poorly ordered, loosely 
arranged MEH-PPV molecule. This is consistent with findings for polarization modulation values 
in aggregates B–D. Aggregates B show little shift from the single-molecule M distribution, while 
for the larger aggregates, decrease in M values is apparent, with median values decreasing from 
the single-molecule value of 0.66 to 0.37 and 0.16 for aggregates C and D, respectively. This is in 
contrast to large aggregates initially templated on the collapsed, ordered single molecules prepared 
in toluene, where aggregates with several hundred molecules showed M distributions peaked above 
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0.60.79 While the M distributions of the aggregates prepared in this study are indicative of largely 
isotropic aggregates, we note that these values are still higher than would be expected from large 
aggregates with fully randomized transition dipole orientation.106 
 
Figure 23. Histograms of polarization modulation depth (M) of features identified in (a) films of 
concentration A (red) before and (black) after SVA and (b–d) films of concentration B–D after SVA. The 
median M values are 0.66, 0.64, 0.63, 0.37, and 0.16, respectively, for concentration A before and after 
SVA and aggregates B–D. Measurements are taken over at least 3 fields and total number of features 
represented by the histograms are 174, 214, 302, 150, and 321 for films of concentration A before SVA and 
after SVA as well as for films of concentrations B–D after SVA, respectively. 
 To characterize additional aspects of the photophysical behavior of MEH-PPV aggregates, 
fluorescence intensity transients were collected, with representative plots shown in Figure 24. To 
encourage photobleaching, the transients were collected using a high excitation power density of 
200 W/cm2. Some intensity transients in samples of concentration A before and after SVA show 
 
 












































stepwise photobleaching, but many show relatively smooth decays, as shown in Figure 24a and 
consistent with previous measurements of MEH-PPV single molecules dissolved in chloroform, 
and with the latter behavior associated with intramolecular exciton transport interrupted by many 
recombination events.65,75,132 The lack of distinct photoblinking and photobleaching events is also 
seen in aggregates B–D (Figure 24b–d). This behavior is again in contrast to MEH-PPV aggregates 
formed from molecules initially dissolved in toluene, where distinct steps in fluorescence 
transients were apparent in aggregates comprised of up to several hundred MEH-PPV chains.79 
 
 
Figure 24. Representative fluorescence intensity transients of features found in (a) films of concentration 













































































To further characterize the photophysics of the MEH-PPV aggregates, photoluminescence 
spectra were collected. In Figure 25a, representative individual and average spectra of single 
molecules of MEH-PPV dissolved in chloroform and dispersed in PMMA before SVA are shown. 
As described previously for molecules of similar molecular weight following dissolution in 
chloroform and immobilization in a polymer matrix, the individual spectra are generally broad, 
with many molecules showing a 0-0 peak near 545 nm and a second peak near 580 nm.65 A few 
molecules display a somewhat red shifted spectrum, with 0-0 peak near 570 nm. Spectra of the 
features found following SVA are distinct from those before SVA, with increased homogeneity 
across features and somewhat narrower spectral bands (Figure 25b). These features have notably 
red-shifted spectra relative to features found before SVA, with the median peak position of the 0-
0 and 0-1 peaks at ~570 (Figure 25c) and 625 nm, respectively. Such spectra have previously been 
associated with relatively large MEH-PPV molecules exhibiting collapsed 
conformations48,65,67,142–144 as well as with tightly packed aggregates81,84,145,146; in both cases, chain 
planarization, - stacking, and extension of effective conjugation length can occur, potentially 
allowing excitons to efficiently funnel to red sites through interchain or intermolecular contacts. 
In particular, the shifts seen between spectra obtained from films of concentration A before and 
after SVA are quite similar to those seen previously when single molecules of MEH-PPV were 
dissolved in tetrahydrofuran (THF), a good solvent for MEH-PPV, and interrogated first at the 
single-molecule level and then following aggregation to 10–100 nm nanoparticles formed via re-




Figure 25. (a,b) Eight representative (grey) individual spectra and (red) the average spectrum of MEH-PPV 
features found in films of concentration A (a) before and (b) after SVA. Average spectra are obtained from 
23 and 26 individual spectra before and after SVA, respectively. (c) Histograms of 0-0 peak positions of 
MEH-PPV features before and after SVA. 
 While such a shift towards lower energy emission is consistent with aggregation, it is also 
consistent with molecular collapse. While no shift in the distribution of M values before and after 
SVA in films of concentration A that would point to collapse was apparent, to clarify whether the 
spectral shift was due to conformational change or to the formation of small aggregates, samples 
of concentration A were prepared and subjected to a degree and time of swelling expected to allow 
for conformational change but that did not result in obvious translational diffusion. For this 
experiment, 10 min of SVA was performed using the same mixture of chloroform and acetone 
used in all other measurements. Swelling was held to approximately one-third of that of the typical 
experiments, with average swollen film thickness of ~300 nm vs. 535 nm. This experiment showed 
no change in spectra before and after SVA (Figure 26). This supports the idea that the spectral 
change observed in films of concentration A before and after SVA is not due to conformational 
change in the single molecules but instead to aggregation. 
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Figure 26. Average spectra of features identified in films of concentration A (red) before and (black) after 
SVA with swelling performed to a lesser degree and for a shorter time than in other measurements, as 
described in the text. These spectra were collected using a transmission grating in front of a CCD camera 
rather than on a spectrograph as described in the Methods section. Spectra were averaged over 10 and 15 
individual features before and after SVA, respectively, and the excitation power density was 300 W/cm2. 
 For films of concentration A, features are well separated and distinct both before and after 
SVA and the background level between those features is consistent with that of the pure host 
polymer matrix alone. As such, feature-finding is an appropriate way to characterize number of 
molecules per aggregate following SVA. Over five fields of view, before SVA, 233 ± 50 features, 
assumed to be single molecules, as supported by the spectra, were found; after SVA, 149 ± 9 
features were found. This suggests approximately two molecules are present per feature following 
solvent vapor annealing. Interestingly, the increase in homogeneity and red shift seen before and 
after SVA occurs even with this very small degree of aggregation. We next investigated the spectra 
of aggregates formed following SVA of films of concentrations B–D. Peak positions in the 
aggregates shift to the red with increasing size, with 0-0 and 0-1 peak positions shifting from 572 
to 584 and from 623 to 635 for aggregates A–D, respectively (Figure 27). The relative height of 
the 0-0 and 0-1 peaks also evolves from aggregates A through D, decreasing as a function of 
aggregate size (Figure 27b). 





























Figure 27. (a) Ensemble-averaged spectra of MEH-PPV in films of concentration A before and after solvent 
vapor annealing as well as of aggregates B–D. The excitation power densities used were 280, 280, 330, and 
88.7 W/cm2, for films of concentrations A–D, respectively. Spectra for concentration A are also shown in 
Figure 25a. Number of individual spectra averaged for aggregates B–D are 9, 12, and 7, respectively. (b) 
(Black squares) 0-0 peak position, (black circles) 0-1 peak position, and (red triangles) 0-0/0-1 peak height 
ratios for features in films of concentration A–D as obtained from average spectra shown in (a). The results 
for concentration A before SVA are shown as open symbols. This spectrum was fit with four Gaussian 
functions: the two squares show the positions of the first two peaks and the open circle indicates the position 
of the third peak. Peak ratios between the first and third and the second and third peaks are shown as open 
triangles. 
 The changes in aggregate spectra as a function of initial film concentration prompted 
analysis of number of molecules per aggregate, NSM-AGG. While this quantity in films of 
concentration A was assessed using a feature-finding approach as described above, to characterize 
aggregate size in films of higher concentrations, we used an approach similar to one we devised 
previously79 and is described in Appendix C: this approach (1) does not require that all features be 
identified and counted before SVA, as becomes increasingly difficult at high initial film 
concentration and (2) does not assume aggregate intensity reports directly on number of single 
chains in aggregates, since quenching phenomena are known to occur upon aggregation.85 Instead, 
this approach uses background film intensity after SVA to characterize the number of molecules 
remaining in the background and the number of aggregates present after SVA to calculate the 
number of molecules present, on average, in each aggregate. This approach assumes intensity 
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emerging from the background of the samples is due to single-molecule emission. However, 
spectra obtained from the background of such samples following SVA suggested this was not a 
good assumption for films of concentration C and D, as here spectra from the film in locations 
with no obvious aggregates following SVA showed spectral features consistent with aggregates 
rather than single molecules (Figure 28). With this in mind, the number of single molecules per 
aggregate, NSM-AGG, was calculated, yielding NSM-AGG = 30 ± 5, 255 ± 11, and 1640 ± 69 molecules 
per aggregate for aggregates B–D, respectively. Comparing the number of molecules per aggregate 
with the intensities per aggregate (Figure 21), it is clear that intensity does not scale linearly with 
number of molecules and quenching is strong in the aggregates formed here, with quenching 
efficiency increasing with aggregate size, the same trend that was found in the toluene-prepared 
aggregates in our previous publication.84 
Taking together information obtained from M measurements, intensity transients, and 
spectra both in single MEH-PPV molecules and aggregates, a seeming juxtaposition emerges. M 
distributions show relatively low anisotropy both at the single molecule and aggregate level, with 
aggregates of increasing size showing strongly decreasing median M values, especially compared 
to aggregates formed in toluene.79 This suggests aggregation is occurring not in a manner that 
leads to compaction and ordering but instead in a manner that inhibits formation of a large number 
of new intermolecular contacts that support exciton funneling to low-energy sites. This is 
consistent with smoothly decreasing intensity transients that point to interruption of such potential 
exciton funneling with large numbers of (relatively low-intensity) radiative events. In contrast, a 
strong red spectral shift is seen following SVA, suggesting that exciton funneling to low-energy 
sites is occurring. The fact that such a spectral shift happens already upon aggregation of just a 




Figure 28. (a) Normalized average spectra of aggregates C and D together with spectra collected from the 
background between features following SVA. The excitation power densities were 330 W/cm2 for 
aggregates C and their background and 88.7 W/cm2 for aggregates D and their background. (b) The same 
spectra as (a) but without normalization. (c) (Black square) 0-0 and (black circle) 0-1 peak positions and 




aggregation suggests this spectral shift reflects local effects that do not extend across larger 
aggregates, in contrast to findings in toluene-prepared aggregates. This is also supported by the 
decrease of the 0-0/0-1 peak ratio as a function of increasing aggregate size, consistent with 
interchain coupling in the presence of disorder, as captured by the description of MEH-PPV 
aggregates as strongly disordered HJ-aggregates.36,134 Similarly, increasing quenching efficiency 
as a function of aggregate size need not indicate efficient packing through intermolecular contacts 
that facilitate exciton transport, as such quenching, which reflects new nonradiative pathways 
available, may also be local in nature. This is consistent with an earlier finding showing that MEH-
PPV aggregates coalescence, a process that diminishes order in the aggregates and is suggested to 
occur through a point and at random orientation, also leading to quenching.80 
 Finally, it is interesting to note that while the most notable spectral changes occur between 
single molecules and small aggregates A, spectral shift continues as a function of aggregate size, 
evolving even between aggregates C and D, with the spectrum of aggregate D quite similar to 
spectra of thin films of MEH-PPV, with reported 0-0 peak positions of ~585 nm.56,147 The 
additional red shift, together with decrease in the 0-0/0-1 peak ratio, between aggregates C and D 
indicate a transition from individual aggregate to bulk film properties between aggregates of 
several hundred chains and those of over a thousand single chains for the preparation conditions 
used here, which include initial dissolution in a good solvent followed by swelling in a mix of 
solvents that supports a combination of Ostwald ripening, shown in some contexts to support chain 
ordering, and coalescence, shown to limit photophysical anisotropy and exciton diffusion.76,80 
3.4 Conclusion 
 Our study showed self-assembly of largely isotropic aggregates of MEH-PPV via 
controlled and reproducible solvent vapor swelling of an inert polymer matrix seeded with 
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dispersed single MEH-PPV chains. Polarization modulation histograms indicate that aggregates 
templated on molecules initially showing low compaction and limited transition dipole alignment 
maintain those characteristics even when the single-molecule conformation is set only by choice 
of initial dissolving solvent. The poor compaction of the aggregate limits enhancement of exciton 
diffusion in these aggregates relative to single molecules, as reflected in fluorescence transients 
that do not show evidence of long length scale exciton diffusion. However, sufficient new 
intermolecular interactions emerge to red shift the spectrum of aggregates relative to single 
molecules, with aggregates comprised of just a few molecules already showing notable spectral 
changes relative to isolated molecules. Aggregates composed of few to more than a thousand single 
molecules show additional spectral evolution as a function of aggregate size, both red shifting and 
showing a decreased ratio of 0-0 to 0-1 peak intensities. Taken together these results suggest 
locally enhanced exciton diffusion upon aggregation of a few molecules but limited enhancement 
of that effect upon further aggregation, as ordering that occurs in few molecule aggregates does 




Chapter 4. Conclusion and Outlook 
Conjugated polymers are of interest for a growing array of commercial devices. The link 
between conformation and photophysical properties in conjugated polymers has been extensively 
studied for almost two decades; however, understanding of exciton behavior in environments 
relevant to devices is still lacking due to the existence of a large number of chromophores and 
conformational heterogeneity, resulting in complexity both intra- and inter-molecularly. In 
Chapter 2, an interesting and previously overlooked phenomenon in a commonly used 
experimental technique was described. We showed that the sublinearity of MEH-PPV single-
molecule fluorescence intensity as a function of excitation intensity due to quenching can lead to 
misinterpretation of polarization modulation depth measurement data, which in turn can result in 
misjudgment of single-molecule conformation. In Chapter 3, the impact of solvent vapor annealing 
on single-molecule conformation and the photophysical properties of nearly isotropic aggregates 
of varying sizes were described. First, we showed that the initial single-molecule conformation 
determined by the dissolving solvent is largely maintained after solvent vapor swelling and 
deswelling, even with sufficient swelling to allow for conjugated polymer chain mobility. Next, 
we observed that nearly isotropic aggregates consisting of a few to several hundred conjugated 
polymer chains show locally enhanced exciton diffusion, manifested by red-shifted emission and 
the change in spectral peak ratio. 
Several follow-up studies are suggested by the work presented here. Following Chapter 3, 
it would be interesting to explore whether single-molecule morphology is maintained even in the 
larger fibrillar structures and percolated networks that have been demonstrated previously148 and 
resemble conjugated polymer pattern formation as it occurs in bulk heterojunction devices. 
Moreover, the general applicability and power of the single-molecule and single-particle studies 
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described in this dissertation suggest bringing these techniques and approaches to other multi-
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Appendix A. Experimental Details of Solvent Vapor Annealing 
This chapter was reproduced in part from D. T. Hoang, J. Yang, K. Paeng, Y. Kwon, O. S. 
Kweon, and L. J. Kaufman, Rev. Sci. Instrum. 87, 015106 (2016) (Reference 92) 
A.1 Introduction 
In this Appendix, we describe an apparatus for controlled delivery of solvent vapor to 
polymer thin film samples and simultaneous monitoring of multiple properties of those samples 
throughout the process of solvent vapor annealing. To achieve this multi-modal monitoring, two 
polymer thin films are prepared in an identical fashion and assessed in parallel adjacent to each 
other within a single sample chamber. One sample, prepared on a quartz crystal microbalance 
(QCM), is used to characterize the extent of swelling while another, prepared on a coverslip, is 
used for epifluorescence imaging. Swelling is performed in a controlled fashion using a series of 
mass-flow controllers (MFCs) to generate and control solvent vapor pressures. This approach to 
studying polymer films in their vapor swollen state allows simultaneous characterization of film 
swelling, viscoelasticity, structure, and/or dynamics under well-controlled conditions. 
A.2 Apparatus 
A.2.1 Solvent Vapor Annealing Chamber 
The sample chamber is composed of three parts—the base, the body, and the lid—
machined from aluminum. Within the sample chamber, two polymer thin films were prepared and 
assessed in parallel, with a coverslip-mounted sample at the chamber base and a QCM-mounted 
sample at the chamber lid (Figure 29). The base has an opening to hold a 25 mm diameter coverslip, 
sealed with Kalrez O-rings. The sample chamber lid is designed such that it can be fastened 
between the QCM crystal holder head and the retainer cover that holds the QCM in place (Figure 
29c). The QCM sensor lies above and concentric to the imaged sample. An inlet and outlet for 
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vapor flow were bored through the sides of the cylinder body to allow connection to a MFC-
regulated vapor flow system. The inlet and outlet to the sample chamber are controlled by two pin 
valves. The three components of the sample chamber are held together with bored-through screws 
with intercalating Kalrez O-rings to assure a good seal. In the experiments performed here, Teflon 
tape was applied around all junctures to further protect against possible leaks. 
 
Figure 29. Schematic diagram of the chamber components both unassembled and assembled. (b–d) 
Photographs of the (b) sample chamber without lid, showing the coverslip in place over the objective lens, 
(c) underside of the chamber lid with the QCM attached, and (d) fully assembled chamber on the microscope 
sample stage. 
A.2.2 Solvent Vapor Production 
Solvent vapor was generated using a series of mass-flow controllers (Alicat Scientific 
MCS-100) to bubble dry nitrogen carrier gas through solvent reservoirs. In the configuration 
shown in Figure 30, two MFCs (MFC-A and MFC-B) control flow in two channels, though this 
system can be extended to more channels to support delivery of complex mixtures of solvents. A 
switch is present in each channel (S-A and S-B in Figure 30) to allow bypassing of the solvent 
reservoir connected to that channel. The flow of each channel is combined in a mixing bottle to 
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assure a reservoir of equilibrated vapor mixtures. Downstream from the mixing bottle, another 
switch (S-C) allows flow to or bypass of the sample chamber. Perfluoroalkoxy tubing (McMaster 
Carr; Ultraclear PFA Tubing, 1/8 in. inner diameter) was used to connect all the components 
involved with solvent vapor production and delivery since it is extremely resistant to a wide range 
of organic solvents. 
 
Figure 30. Schematic diagram of the solvent vapor delivery system. MFCs control the flow of carrier gas 
through the appropriate solvent reservoirs and the sample chamber. Switches and valves are present 
throughout (indicated by S- and V-, respectively) to direct and control flow. The vent at right is left open 
except in cases where the solvent trap is used to condense solvent vapors to assess quantity of solvent that 
was delivered to the sample. 
A.2.3 Sample Characterization 
The sample at the bottom of the chamber was prepared on a coverslip and was interrogated 
via wide-field epifluorescence microscopy, as it was described in Chapter 3.  
In theory, the film employed for imaging could also be used to monitor film swelling 
through an optically based technique such as ellipsometry or interferometry. However, doing so 
could complicate fluorescence imaging; moreover, the film to be imaged must be prepared on a 
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coverslip, which is not ideal for these approaches. Instead, film thickness and swelling were 
assessed via parallel measurements on a film prepared on the QCM (Stanford Research Systems 
QCM-200) at the sample chamber’s top. This measurement does not interfere with imaging, and 
the QCM is compact and simple to operate. Moreover, the QCM can return information on film 
viscoelasticity that can be used to validate storage and loss moduli obtained, for example, via 
particle tracking microrheology on the coverslip-mounted film.149 Film thickness before and 
during SVA was assessed by measuring the decrease in resonance frequency from a bare QCM to 
one with a spin-cast film prior to or during swelling. The change in QCM resonance frequency 
reports film uptake of solvent via the Sauerbrey equation, 
 ∆𝑓 = 𝐶𝑓∆𝑚 Eq 9 
 
where Δf is the observed frequency change, Cf is the sensitivity factor for the crystal used, and Δm 
is the change of mass per area.150 Change in mass per area can be transformed to film thickness 
(or change thereof) via 
 ∆𝑚 = 𝜌∆ℎ Eq 10 
 
with ρ the density of the solvent responsible for the change in mass. To assure the (potentially 
evolving) viscoelasticity of the film does not affect measurement accuracy,151 the QCM should be 
operated in a mode that corrects for resonance frequency changes due to viscoelastic losses.  
A.3 Control of Vapor Pressure 
A.3.1 Single Solvent Delivery 
As depicted in Figure 30, solvent vapor was generated using MFCs to bubble dry nitrogen 
gas through solvent reservoirs. To assess the system’s performance, expected and actual amounts 
of generated acetone vapor were compared.89 The flow controllers allow direct control of Q, the 
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volumetric flow rate. The following equation describes the relationship between volumetric and 
molar flow rate: 
 𝑀 = 𝑄𝜌 𝑀𝑤⁄  Eq 11 
 
M is the molar flow rate, Q is the volumetric flow rate, ρ is the gas density, and Mw is the molecular 
weight of the gas. For nitrogen gas, employing Qnit = 100 standard cm
3/min (sccm) yields Mnit = 
4.147 × 10−3 mol/min. At this flow condition, the Reynolds number in the tubing used is 177, 
indicating laminar flow. 
To calculate the molar flow rate for the solvent vapor, several assumptions were made. 
First, it was assumed that bubbling nitrogen gas through a solvent promotes solvent evaporation, 
ensuring that solvent vapor pressure remains at saturation (psol) for a given temperature. Because 
the solubility of nitrogen in common solvents is negligible, it was also assumed that Mnit remains 
constant after bubbling. Finally, the total pressure in the system was assumed to be 760 Torr 
because the SVA is an open system with low flow rates. Given these assumptions, the molar flow 
rate for solvent vapor (Msol) for a MFC-controlled channel is given by 
 
𝑀𝑠𝑜𝑙 = 𝑀𝑛𝑖𝑡 [
𝑝𝑠𝑜𝑙
760 − 𝑝𝑠𝑜𝑙
] Eq 12 
 
Since pace = 193.19 Torr at 21 °C, for Qnit = 100 sccm, a volumetric flow rate of Qace = 93.51 μl/min 
was expected. Experimentally, over two trials, 1760 ± 110 μl acetone was recovered at the solvent 
trap when nitrogen gas flowed at Qnit = 100 sccm for 20 min and bubbled through acetone. This 
volume corresponds to Qace = 88 ± 5 μl/min. With a deviation of less than 10% between predicted 




 In a single channel configuration such as that described above, altering Mnit will alter the 
rate of swelling, but the equilibrium vapor pressure in the chamber will be the saturated vapor 
pressure of the solvent regardless of Mnit. The film is thus expected to swell to the same degree 
over a range of nitrogen mass flow rates. To lower the vapor pressure of the delivered solvent 
relative to the saturated vapor pressure and decrease degree of film swelling, mass flow of nitrogen 
through the solvent can be lowered while keeping the total nitrogen mass flow rate identical by 
using the second MFC to deliver additional nitrogen gas to the chamber (bypassing the second 
solvent container). The vapor pressure at the sample is then given by 
 𝑝 = 𝑝𝑠𝑜𝑙 × 𝑀𝑠𝑜𝑙 𝑀𝑛𝑖𝑡,𝑡𝑜𝑡⁄  Eq 13 
 
where Mnit,tot includes that delivered through the solvent as well as that delivered directly to the 
chamber. 
A.3.2 Solvent Mixtures 
Mixtures of solvents are appropriate for some experiments, including attaining order in 
diblock copolymer films and preparing aggregates of conjugated polymers.76,89,152 Such solvent 
mixtures can be delivered to a sample using either a solvent mixture in a single reservoir or pure 
solvents in separate reservoirs. We demonstrated ability to control and monitor vapor pressure in 
each scenario for a mixture of acetone and chloroform. 
To demonstrate the expected dependence of vapor volume ratio on liquid volume ratio, 
mixtures of acetone and chloroform were prepared in a single solvent reservoir and flow rate was 
set at Qnit = 100 sccm. The generated vapors were condensed at the solvent trap and subsequently 
analyzed by gas chromatography. The resulting liquid–vapor equilibrium curve for acetone-
chloroform liquid solvent mixtures is shown in Figure 31. The vapor volume ratio differs from the 




Figure 31. Liquid-vapor equilibrium curve for acetone-chloroform liquid solvent mixtures in a single 
reservoir. Error bars are standard deviations over 3 independent measurements, though most are smaller 









Appendix B. Simulation Method 
This section provides details to the simulation method used in Chapter 2. 
An M distribution similar to the experimental distribution (Figure 12b) was first generated: 
a Gaussian distribution of 1,000 random numbers centered at 0.52 with a standard deviation of 0.2 
was generated. The lower and upper bounds of the distribution were set to 0 and 1, respectively. 
Then, 1,000 random numbers from a Gaussian distribution with mean value of 1 and standard 
deviation of 0.2 were generated, with these values representing the Imax values. Finally, Imin values 
were calculated using Eq 2 from the generated M and Imax values. These values were used for the 
simulation without noise. With no noise or quenching, the coefficients a and b in Eq 7 are simply 
equal to 4. Therefore, the M distribution at high excitation power is identical to that initially 
generated (Figure 15b). 
Noise was introduced in the simulation by starting with a Gaussian distribution of 1000 
random numbers with mean value of 0 and standard deviation of 0.04 and 0.08 for low and high 
excitation intensity, respectively. These random numbers were added to the original Imax and Imin 
values generated above and well-reproduced the signal:noise ratio seen experimentally. Using 
these new Imax and Imin values, the new M distributions were calculated using Eq 2 for both 
excitation intensities. The results are shown in Figure 15c and d. 
To include quenching in the simulation, Eq 4 was used to calculate Imax and Imin values from the 

















 and  values of 1 and 0.2 were used, respectively, as these values well-reproduced the 
experimental data. New M and M’ values were then calculated following Eq 2 at both low and 
high excitation powers. These results are shown in Figure 15e and f. Finally, Figure 16 in Chapter 
2 was produced by adding both quenching and noise into the simulation in that order. New M and 
M’ values were then calculated following Eq 2 at both low and high excitation powers using the 




Appendix C. Calculation of Single Molecules per Aggregate 
This section provides details to the calculation method used in Chapter 3. 















Here, NAGG is the number of aggregates within the imaging area, ISM,B is the median fluorescence 
intensity of a single chain before SVA, Ifilm,B is the total intensity of the fluorescence image before 
SVA, Ifilm,A is the total intensity of the fluorescence image after SVA, IAGG is the sum of 
fluorescence intensities from aggregates within an imaging area. C is a correction factor that was 
used previously to account for decreased fluorescence intensity from the background of films after 
solvent vapor annealing.79 In our previous publication on aggregates formed from MEH-PPV 
initially dissolved in toluene, the decrease was attributed to enhanced compaction of single 
molecules remaining in the background and contributing to total film intensity after SVA. Here, 
given the set of findings described in Chapter 3, this correction factor is obtained from 
concentration A and accounts for the presence of small aggregates in the background of films C 
and D following SVA. C is set to 1 for aggregate B and is set to 0.82 for aggregates C and D, with 
this obtained from the median intensity of features in films of concentration A before and after 
SVA, assuming two molecules per aggregate. We note that 0.82 may be an overestimate of the 
correction factor if there is more aggregation and quenching in the background of films C and D 
than that which occurs in films of concentration A, which in turn would lead to an overestimate of 
the number of chains per aggregate in concentrations C and D. We thus consider the numbers 
presented in Chapter 3 to be upper bounds on the number of chains per aggregate. 
 
